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VOLTAGE MODE VOLTAGE REGULATOR 
WITH CURRENT MODE START-UP 

BACKGROUND OF THE INVENTION 

The present invention relates, in general, to electronics, 
and more particularly, to methods of forming semiconductor 
regulators and structures. 

In the past, the electronics industry utiliZed various tech 
niques for implementing voltage regulator systems. One 
particular type often referred to as continuous time mode or 
linear regulators have Wide application. Typically, a linear 
voltage regulator included a linear ampli?er that sensed the 
output voltage and compared it to a desired voltage refer 
ence. If the output voltage Was less than the reference 
voltage, the linear ampli?er enabled a output transistor to 
increase the voltage applied to the output. One particular 
problem occurred When restarting from a poWer doWn or 
standby mode. A capacitor typically Was connected in par 
allel With the load. During the poWer doWn or stand-by 
mode, the capacitor discharged. Upon applying poWer, the 
linear ampli?er sensed the loW voltage and drove the output 
transistor to quickly charge the load capacitor. The resulting 
load current during this start-up period generally Was much 
greater than the desired operating load current value. For 
many applications, such as battery poWered operations, the 
large load current resulted in damaging the battery and 
shortening the useful battery lifetime. 

Accordingly, it is desirable to have a voltage regulator that 
limits load current during the start-up mode, that does not 
damage the battery during the start-up mode, and that does 
not reduce the battery’s useful lifetime. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically illustrates a portion of an embodi 
ment of a system that utiliZes a voltage regulator in accor 
dance With the present invention; and 

FIG. 2 schematically illustrates a portion of an embodi 
ment of a system that is an alternate embodiment of the 
system in FIG. 1 in accordance With the present invention. 

For simplicity and clarity of illustration, elements in the 
?gures are not necessarily to scale. Additionally, descrip 
tions and details of Well knoWn steps and elements are 
omitted for simplicity of the description. 

DETAILED DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically illustrates a portion of an embodi 
ment of a system 10 that utiliZes a voltage regulator 15, 
generally illustrated by a dashed boX. During a start-up 
mode or start-up period, voltage regulator 15 operates in a 
current limit mode by limiting the load current that is 
provided by an output transistor 13. After the start-up period, 
regulator 15 operates in a voltage control mode by control 
ling the output voltage instead of controlling the load 
current. Regulator 15 includes an ampli?er 11 that drives 
output transistor 13, a voltage reference 12 that supplies a 
?rst reference voltage, a current limiter 30 illustrated by a 
dashed boX, and a control section that includes a set-reset 
?ip-?op 27 and a comparator 26. 

Regulator 15 has a voltage source input 19 that is con 
nected to a poWer source such as a battery. Output transistor 
13 receives the voltage applied to input 19 and provides an 
output voltage on a voltage output 16. Output transistor 13 
has a ?rst current carrying electrode connected to input 19 
and a second current carrying electrode connected to output 
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16. A sense transistor 14 is coupled to responsively respond 
With output transistor 13 to provide a sense current repre 
senting the value of the load current supplied by transistor 
13. Sense transistor 14 has a ?rst current carrying electrode 
connected to input 19 and a second current carrying elec 
trode connected to a sense input 35 of current limiter 30. The 
control electrodes of both transistors 13 and 14 are con 
nected to the output of ampli?er 11. Sense transistor 14 is 
typically ratioed to be a certain percent smaller than tran 
sistor 13 and produces a sense current that is smaller than the 
load current by that ratio. In the preferred embodiment, the 
ratio is about four thousand to one (4000:1). In the preferred 
embodiment, transistors 13 and 14 are PMOS transistors, 
although they may also be PNP transistors or other types of 
pass devices. Regulator 15 receives a feedback voltage on a 
feedback input 18 of regulator 15. The feedback voltage 
folloWs variations in the value of the output voltage on 
output 16. Typically the feedback voltage is derived from the 
output voltage by an eXternal resistor divider in series With 
output transistor 13 such as illustrated by resistors 21 and 22. 
Resistor 21 has a ?rst terminal connected to output 16 and 
a second terminal connected to input 18. Resistor 22 has a 
?rst terminal connected to input 18 and a second terminal 
connected to a poWer return 17. In the preferred 
embodiment, resistors 21 and 22 have a divider ratio of 
about 2.511. System 10 typically has a capacitor 23 con 
nected in parallel With the load in order to integrate or 
smooth variations in the value of the output voltage. 
Ampli?er 11 receives the feedback voltage via a ?rst 

ampli?er input that is connected to feedback input 18. A 
second ampli?er input is connected to receive the ?rst 
reference voltage from a ?rst reference output 24 of voltage 
reference 12. During normal operation, ampli?er 11 
decreases or increases the voltage on the control electrode of 
transistors 13 and 14 When the value of the feedback voltage 
is less than or greater than, respectively, the value of the ?rst 
reference voltage on ?rst reference output 24. Ampli?er 11 
drives transistors 13 and 14 responsively to the feedback 
voltage in order to control the output voltage at a desired 
value. Ampli?er 11 typically includes a differential ampli?er 
that compares the feedback voltage to the ?rst reference 
voltage, and a buffer having a single ended output 54 that 
drives output transistor 13 in proportion to the difference 
betWeen the feedback voltage and the ?rst reference voltage. 

Current limiter 30 functions to limit the load current 
through transistor 13 during the start-up period and also to 
limit the maXimum load current during normal operation. 
Limiter 30 has a start-up current source formed by start-up 
current transistor 31 that provides a ?rst reference current or 
start-up reference current (I1) during the start-up period, and 
an operating current source-formed by an operating current 
transistor 32 that provides a second reference current or 
operating reference current (I2) used during both normal 
operation and the start-up period. Transistor 31 is formed as 
a transistor that has a control electrode connected to a ?rst 
bias voltage that is formed by a bias circuit 40. HoWever, 
those skilled in the art understand that the ?rst bias voltage 
may be formed elseWhere. Transistor 31 also has a ?rst 
current carrying electrode connected to input 19. The oper 
ating current source is formed from transistor 32 that also 
has a control electrode connected to bias circuit 40. Those 
skilled in the art understand that the ?rst and second bias 
voltages may be formed at any appropriate location. 

Regulator 15 receives a start signal indicating a start-up 
from a poWer doWn or stand-by mode on a start-up input 28. 
Start-up input 28 is connected to an input of set-30 reset 
?ip-?op or R/S ?op 27. The start-up signal sets the output of 
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R/S ?op 27, and the output enables a switch transistor 33 
which applies power to transistor 31 allowing the start-up 
reference current (I1) to How through transistor 31. Tran 
sistor 32 is always enabled to supply the operating reference 
current I2. When the value of the sense current from input 
35 plus the value of the start-up reference current (I1) from 
transistor 31 equal the value of the operating reference 
current (I2) from transistor 32, a reference transistor 34 is 
enabled. Therefore, the start-up reference current from tran 
sistor 31 ?ows through transistor 32 supplying a portion of 
the operating current to transistor 32 and reducing the sense 
current required to enable transistor 34. Transistor 34 and a 
transistor 36 form a current mirror that mirrors the current 
?owing through transistor 36 to the current mirror of tran 
sistors 37 and 38 and enabling transistor 38. The output of 
transistor 38 is connected to the output of ampli?er 11 and 
overrides the output provided by ampli?er 11. Transistor 38 
forces the control electrode of transistors 13 and 14 high to 
limit the value the of the load current provided by output 
transistor 13 and the sense current provided by transistor 14. 
Thus, current limiter 30 controls the load current provided 
by transistor 13 to protect transistor 13 and the voltage 
source connected to input 19. Because of the reduced 
current, capacitor 23 charges at a slow rate and the voltage 
on output 16 also increases at a slow rate. 

Comparator 26 facilitates terminating the start-up period. 
Comparator 26 has a positive input connected to reference 
output 24 of voltage reference 12, a negative input con 
nected to feedback input 18, and an output connected to the 
reset input of R/S ?op 27. The positive input of comparator 
26 has an offset that functions to provide a second reference 
voltage that is less that the ?rst reference voltage on output 
24 to ensure that comparator 26 switches prior to ampli?er 
11 providing the voltage regulation of the output voltage. 
Preferably, the value of the second reference voltage is not 
greater than about twenty to thirty milli-volts (20—30 milli 
volts) less than the value of the ?rst reference voltage to 
ensure the desired operation of ampli?er 11. At the point 
when the feedback voltage on feedback input 18 increases to 
a value equal to the second reference voltage value on 
second reference output 25, the output of comparator 26 
goes high and resets or clears R/S ?op 27. This disables or 
opens switch transistor 33 and removes power from tran 
sistor 31. The start-up reference current (I1) from transistor 
31 stops ?owing. However, the operating reference current 
(I2) from transistor 32 continues to ?ow. Without the current 
from transistor 31, the sense current from transistor 14 is no 
longer suf?cient to enable transistor 34. Thus, transistors 36, 
37, and 38 are all disabled through the current mirror 
con?guration, and transistor 38 releases the output of ampli 
?er 11 thereby terminating the start-up period. 
Consequently, ampli?er 11 is now able to control transistor 
13 via the voltage from feedback input 18. Thus, limiter 30 
limits the output current or load current through transistor 13 
to a ?rst value during the start-up period, and ampli?er 11 
controls the output voltage on output 16 during a normal 
operating period. However, if the sense current from tran 
sistor 14 becomes too high and equals the current from 
transistor 32 (I2), limiter 30 once again limits the output 
current but at a higher current determined by the operating 
reference current (I2) from transistor 32. In the preferred 
embodiment, the start-up reference current (I1) is approXi 
mately one-half the value of the operating reference current 
(I2) of transistor 32. Consequently, enabling both the ?rst 
and second current sources during the start-up period forms 
a ?rst reference current and disabling the second current 
source after the start-up period forms a second reference 
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current that is larger than the ?rst reference current. It should 
be noted that start-up transistor 31 is not enabled until 
another start signal is received on input 28. Thus, even if the 
output voltage decreases an amount such that the feedback 
voltage decreases to a value less than the value of the second 
reference voltage, the start-up reference current remains 
disabled. 

To facilitate this operational mode, a control electrode of 
transistor 33 is connected to the output of R/S ?op 27. A?rst 
current carrying electrode of transistor 33 is connected to a 
second current carrying electrode of transistor 31. Limiter 30 
receives the sense current from sense transistor 14 on current 
sense input 35 that is connected to a ?rst current carrying 
electrode of transistor 34, a control electrode of transistor 
34, a control electrode of transistor 36, and to a ?rst current 
carrying electrode of transistor 32. Asecond current carrying 
electrode of transistor 34, a ?rst current carrying electrode of 
transistor 36, and a second current carrying electrode of 
transistor 32 are connected to power return 17. A second 
current carrying electrode of transistor 36 is connected to a 
?rst current carrying electrode of transistor 37, and to a 
control electrode of both transistors 37 and 38. A second 
current carrying electrode of transistors 37, and 38 is con 
nected to input 19. In the preferred embodiment, transistors 
31, 33, 37, and 38 are PMOS transistors, and transistors 32, 
34, and 36 are NMOS. Also in the preferred embodiment, a 
compensation network of a resistor 41 and a capacitor 42 
functions to avoid oscillations on output 16. Resistor 41 has 
a ?rst terminal connected to the second current carrying 
electrode of transistor 33, and a second terminal connected 
to the ?st current carrying electrode of transistor 32. Capaci 
tor 42 has a ?rst terminal connected to the ?rst terminal of 
resistor 41 and a second terminal connected to return 17. 

FIG. 2 schematically illustrates a portion of an embodi 
ment of a system 50 that is an alternate embodiment of 
system 10. System 50 includes a voltage regulator 55, 
illustrated generally by a dashed boX, that is an alternate 
embodiment of regulator 15. During the start-up mode or 
start-up period, voltage regulator 55 is formed to operate in 
the current limit mode by limiting the load current that is 
provided by output transistor 13. After the start-up period, 
regulator 55 is formed to operate in the voltage control mode 
by controlling the output voltage instead of controlling the 
load current. Regulator 55 is formed to also include, among 
other things, a comparator 56 and an ampli?er 51. Ampli?er 
51 is formed to drive output transistor 13 and provide inputs 
to comparator 56. 
Ampli?er 51 receives the feedback voltage via a ?rst 

ampli?er input that is connected to feedback input 18. A 
second ampli?er input is connected to receive the ?rst 
reference voltage from ?rst reference output 24. Ampli?er 
51 includes a differential ampli?er that receives the feedback 
voltage and the ?rst reference voltage and provides a dif 
ferential output representing the difference between the 
feedback voltage and the ?rst reference voltage ampli?ed by 
a gain of ampli?er 51. The ampli?ed differential output is 
provided on ampli?er outputs 52 and 53. Ampli?er 51 also 
includes a buffer that receives the feedback voltage and the 
?rst reference voltage and provides a drive voltage on single 
ended output 54. The drive voltage represents the difference 
between the feedback voltage and the ?rst reference voltage 
and is used to drive output transistor 13 in proportion to the 
difference between the feedback voltage and the ?rst refer 
ence voltage. During normal operation, ampli?er 51 
decreases or increases the voltage on the control electrode of 
transistors 13 and 14 when the value of the feedback voltage 
is less than or greater than, respectively, the value of the ?rst 
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reference voltage. Ampli?er 51 drives transistors 13 and 14 
responsively to the feedback voltage in order to control the 
output voltage at a desired value. 

Comparator 56 facilitates terminating the start-up period. 
Comparator 56 has a positive input connected to differential 
output 52, a negative input connected to differential output 
53, and an output connected to the reset input of R/S ?op 27. 
Comparator 56 is formed to have an internal offset voltage 
that causes comparator 56 to sWitch states When the differ 
ential input voltage to comparator 56 is greater than the 
offset voltage of comparator 56. The value of the offset 
voltage of comparator 56 is selected to ensure that the load 
on output 16 charges to a ?rst value prior to regulator 55 
sWitching to the voltage regulation mode. Typically the ?rst 
value is about one to tWo per cent (1—2%) less than the 
desired operating value of the output voltage on output 16. 
The difference betWeen the desired output voltage value and 
the ?rst value can be referred to as a sWitch delta. To 
determine the offset voltage for comparator 56, the value of 
the sWitch delta is multiplied by the ratio of the resistor 
divider of resistors 21 and 22 and by the gain of ampli?er 11. 
For example, if the sWitch delta is chosen to be tWenty 
milli-volts (20 mV) and the divider ratio is 2.5: 1, and the 
gain of ampli?er 51 is sixteen (16), then the comparator 56 
offset voltage Would be one hundred tWenty eight milli-volts 
((20/2.5)x16=128 mV). In the preferred embodiment, the 
sWitch delta is betWeen approximately ?fteen and thirty 
milli-volts (15—30 mV) and the gain of ampli?er 51 is 
betWeen about ?fteen and tWenty (15—20). At the point When 
the output voltage on output 16 increases to a value equal to 
the ?rst voltage, the output of comparator 56 goes high and 
resets or clears R/S ?op 27 thereby disabling or opening 
sWitch transistor 33, and When the output voltage increase a 
second amount equal to the sWitch delta ampli?er 51 begins 
to drive transistor 13 in the voltage regulation mode. Thus, 
the second value is larger than the ?rst value and regulator 
55 is formed to control the output voltage value after the 
output voltage value reaches the second value. Using the 
current regulation mode for charging the capacitive load on 
output 16 to the ?rst value prior to sWitching to the voltage 
regulation mode ensures that the load is charged at a sloW 
rate until the voltage is very close to the desired operating 
voltage and ensures that the load is only charged a small 
amount in the voltage regulation mode thereby the limiting 
the charging current used for charging the load and increas 
ing the useful lifetime of the voltage source connected to 
voltage source input 19. 

While the invention is described With speci?c preferred 
embodiments, it is evident that many alternatives and varia 
tions Will be apparent to those skilled in the semiconductor 
arts. More speci?cally the invention has been described for 
particular PMOS and NMOS transistor structures, although 
the method is directly applicable to bipolar transistors, as 
Well as to MOS, BiCMOS, metal semiconductor FETs 
(MESFETs), HFETs, and other transistor structures. 
What is claimed is: 
1. A method of forming a voltage regulator comprising: 
forming the voltage regulator to limit a current ?oW 

through an output transistor to a ?rst value during a 
start-up period and to control an output voltage value 
formed by the output transistor instead of the current 
?oW after the start-up period including forming the 
voltage regulator to enable a ?rst current source and a 
second current source to generate a ?rst reference 
current during the start-up period and to disable the 
second current source after the start-up period to form 
a second reference current that is greater than the ?rst 
reference current. 
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2. The method of claim 1 further including forming the 

voltage regulator having a comparator having an offset 
voltage that is a function of a gain of a differential ampli?er 
of the voltage regulator Wherein a value of the offset voltage 
establishes a ?rst output voltage value for disabling the 
second current source. 

3. The method of claim 1 Wherein forming the voltage 
regulator to enable the ?rst current source and the second 
current source to generate the ?rst reference current during 
the start-up period includes coupling the ?rst current source 
in parallel With a reference transistor and coupling the ?rst 
current source to receive current from the second current 
source and to receive a sense current from a sense transistor 

responsively coupled to form the sense current to represent 
the current ?oW through the output transistor. 

4. The method of claim 3 Wherein coupling the ?rst 
current source in parallel With the reference transistor 
includes forming the reference transistor to conduct current 
after the sense current plus the ?rst reference current 
approximately equals the second reference current. 

5. The method of claim 1 Wherein forming the voltage 
regulator to limit the current ?oW through the output tran 
sistor to the ?rst value during the start-up period includes 
forming the voltage regulator to enable the second current 
source in response to receiving a start-up signal, and to 
disable the second current source after the output voltage 
value reaches a ?rst value. 

6. The method of claim 5 Wherein forming the voltage 
regulator to enable the second current source in response to 
receiving the start-up signal and to disable the second 
current source after the output voltage value reaches the ?rst 
value includes forming the voltage regulator to control the 
output voltage value after the output voltage value reaches 
a second value that is larger than the ?rst value. 

7. A method of forming a voltage regulator comprising: 
forming a current limit circuit to enable both a ?rst current 

source and a second current source to provide a ?rst 

reference current to set a drive voltage of an output 
transistor during a start-up period; and 

forming the current limit circuit to disable the ?rst refer 
ence current after the start-up period. 

8. The method of claim 7 Wherein forming the current 
limit circuit to disable the ?rst reference current after the 
start-up period includes forming the current limit circuit to 
disable the ?rst reference current after an output voltage 
reaches a ?rst value. 

9. The method of claim 8 further including forming the 
voltage regulator to regulate the output voltage provided by 
the output transistor after the output voltage reaches a 
second value that is greater than the ?rst value. 

10. The method of claim 9 further including forming the 
current limit circuit to use a second reference current after 
the start-up period Wherein the second reference current is 
larger than the ?rst reference current. 

11. The method of claim 10 further including forming the 
current limit circuit to use the second reference current after 
the output voltage reaches the ?rst value and before the 
output voltage reaches the second value. 

12. A voltage regulator comprising: 
an output transistor having a ?rst current carrying elec 

trode coupled to a voltage source, a second current 
carrying electrode coupled to an output of the voltage 
regulator, and a control electrode; 

a sense transistor having a ?rst current carrying electrode 
coupled to the voltage source, a control electrode 
coupled to the control electrode of the output transistor, 
and a second current carrying electrode; 
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a reference transistor having a ?rst current carrying elec 
trode coupled to the second current carrying electrode 
of the sense transistor, a control electrode coupled to 
the ?rst current carrying electrode, and a second current 
carrying electrode coupled to a poWer return; 

a ?rst current source transistor having a ?rst electrode 
coupled to the ?rst current carrying electrode of the 
reference transistor, and a second electrode coupled to 
the second current carrying electrode of the reference 
transistor; and 

a second current source transistor having a ?rst current 
carrying electrode coupled to the voltage source, and a 
second current carrying electrode coupled to the ?rst 
current carrying electrode of the reference transistor 
through a sWitch transistor. 

13. The voltage regulator of claim 12 Wherein the second 
current source transistor having the ?rst current carrying 
electrode coupled to the voltage source, and the second 
current carrying electrode coupled to the ?rst current car 
rying electrode of the reference transistor through the switch 
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transistor includes the sWitch transistor having a ?rst current 
carrying electrode coupled to the ?rst current carrying 
electrode of the reference transistor, a second current car 
rying electrode coupled to the second current carrying 
electrode of the second current source transistor, and a 
control electrode coupled to responsively receive a start-up 
signal. 

14. The voltage regulator of claim 12 further including a 
?rst transistor coupled in a ?rst current mirror con?guration 
With the reference transistor. 

15. The voltage regulator of claim 14 further including a 
second current mirror coupled in a second current mirror 
con?guration With the reference transistor. 

16. The voltage regulator of claim 15 Wherein the second 
current mirror includes a second transistor having a current 
carrying electrode coupled to the control electrode of the 
output transistor. 


